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ARTICLE INFO ABSTRACT

Editor: Dr. Danmeng Shuai One of the challenges in research into photoelectrocatalytic (PEC) degradation of pollutants is finding the
appropriate photoanode material, which has a significant impact on the process efficiency. Among all others,
photoelectrodes based on an ordered TiO, nanotube arrays are a promising material due to well-developed
surface area and efficient charge separation. To increase the PEC activity of this material, the SILAR method
was used to decorate Ti/TiOy nanotubes by PbS quantum dots (QD). The ifosfamide (IF) degradation rate con-
stants was twice as higher for PbS-Ti/TiOy (0.0148 min’l) than for Ti/TiO5 (0.0072 min’l). Our research
showed the highest efficiency of PEC degradation of drugs using IIIPbS-Ti/TiO2 made with 3 SILAR cycles (PbS
QD size mainly 2-4 nm). The 4 and 6 of SILAR cycles resulted in the aggregation of PbS nanoparticles on the Ti/
TiO, surface and decreased IF PEC degradation rate to 0.0043 and 0.0033 min’, respectively. Research on PEC
mechanism has shown that the drugs are degraded mainly by the activity of photogenerated holes and hydroxyl
radicals. In addition, the identified drug intermediates made possible to propose a degradation pathways of
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anticancer drugs and the ecotoxicity test show no inhibition of Lemna minor growth of treated solutions.

1. Introduction

More and more attention in treatment industrial water and waste-
water is paid to photochemical processes. They allow decomposition of
persistent and toxic contaminants, resistant to degradation by conven-
tional methods such as biological or physico-chemical, without the use
of additional chemicals. In addition, the possibility of using solar radi-
ation in these processes indicates that they are recognized as environ-
mentally friendly technologies. One of these methods is
photoelectrocatalysis (PEC), which combines electrochemical oxidation
(EO) and heterogeneous photocatalysis (PC) (Garcia-Segura and Brillas,
2017). High efficiency in the photoelectrocatalytic degradation of
organic pollutants is the result of synergistic effect between photo-
catalytic and electrochemical processes. This is due to the reduction of
the recombination of photo-generated electrons-holes pairs on the
photocatalyst used as a photoanode, by the application of an external
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bias potential (Liu et al., 2018). It is worth noting that in the case of PEC,
much lower potentials are used than in electrochemical oxidation which
equates to less energy consumption. Limiting recombination process
increases the life time of photo-generated electrons and holes, which in
turn provides the greater its activity. The higher photoelectrocatalytic
degradation efficiency than photocatalytic was confirmed by many
studies (Mazierski et al., 2019; Daghrir et al., 2014; Wu et al., 2016;
Cheng et al., 2013; Su et al, 2016; Xin et al, 2011). Photo-
electrocatalytic degradation has been used to decomposed dyes (Liu
et al., 2017; Ma et al., 2017), pesticides (Ye et al., 2018), pharmaceu-
ticals (Su et al., 2016; Olvera-Rodriguez et al., 2019), chemicals (Mohite
et al., 2015) and even real wastewater (Garcia-Segura and Brillas, 2017;
Daghrir et al., 2014; Collivignarelli et al., 2021) and landfill leachate
(Zhou et al., 2015). Among pharmaceuticals, tetracyclines, sulfameth-
oxazole, diclofenac and paracetamol were removed by PEC (Garcia-Se-
gura and Brillas, 2017). According to our best knowledge there is no
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information on the PEC degradation of anticancer drugs except our
previous work (Mazierski et al., 2019). Anticancer drugs are a group of
new micro-pollutants resistant to conventional technologies used in
treatment plants. Therefore, more and more of these compounds are
detected in the aquatic environment (Pieczynska et al., 2017). Their
main source in surface waters are ineffective treated hospital, domestic
and industrial wastewaters. Thus, the development of effective method
for their removal, would limited their presence in the environment. The
risk associated with the presence of anticancer drugs in the environment
is due to their fetotoxic, genotoxic and teratogenic properties, which is
hazardous for all living organisms including people (Santos et al., 2017).
Three anticancer drugs, 5-fluorouracil (5-FU), ifosfamide (IF) and ima-
tinib (IMB), with different chemical structures and physico-chemical
properties, were selected for the study. All of the selected drugs were
detected in environmental samples (surface water, wastewaters) at the
level of ug/ng per liter, but their concentration is predicted to increase
due to the growing incidence of cancer and increasing consumption of
these drugs (Isidori et al., 2016).

The efficiency of the PEC degradation process depends on various
parameters (Daghrir et al., 2012) and one of the most important is
photoanode material (Zhang et al., 2012). The properties of the photo-
catalyst used as a photoanode strongly influence on both the efficiency
and mechanism of PEC. As with heterogeneous photocatalysis, pristine
or modified TiO5 are the most commonly used in photoelectrocatalysis
as photoanode (Garcia-Segura and Brillas, 2017), due to the high sta-
bility, low cost, no toxicity and good photocatalytic properties. Thus far,
different TiO5 structures have been applied as photoanodes materials,
such as porous thin film (Chatzitakis et al., 2017), nanorods (Deng et al.,
2018b), nanosheets and nanotubes (Mazierski et al., 2019). Highly or-
dered nanotubes of TiO, obtained by anodization of Ti film exhibited
high photocatalytic activity and stability, therefore is promising mate-
rials to PEC application. Nevertheless, TiO» activity mainly under the UV
radiation limits using the solar radiation in such a system. One of the
strategy of enhancing the activity of TiO5 nanotubes in the visible light
range is the formation of nanocomposites with narrow band gap semi-
conductors such as metal oxides CeOy (Deng et al., 2018a), WO3 (Mar-
tins et al., 2017), Cu0 (Ma et al., 2018), Co304 (Huang et al., 2015),
MnO; (Ma et al., 2017) and sulfides CdS (Yu et al., 2015), PbS (Zhang
et al., 2019a), SnS (Zhang et al., 2019b), BiyS3 (Mazierski et al., 2017).
Among narrow band semiconductors, lead sulfide is a promising mate-
rial to sensitize TiOy nanotubes due to properties such as long exciton
lifetime (200-800 ns), band dgap in the 0.3-2.0 eV range depending on
the quantum dots (QD) size and matching energy band with TiOg (Liu
et al., 2016). Moreover, it was found that heterojunction between PbS
and TiO, nanoparticles can significantly enhanced the exciton absorp-
tion range and induce the electron transport reducing recombination of
photogenerated charges (Liu et al., 2016). Enhanced photocatalytic ac-
tivity of PbS-TiOy nanocomposites compared to TiO, was already pre-
sented (Xu et al., 2014; Hajjaji et al., 2020). Zhang et al. (2019a) shown
higher photocatalytic degradation efficiency of 4-chlorobenzoic acid
using TiO, nanotubes decorated by PbS nanoparticles than pure TiOs. So
far, TiOy NTs sensitized by PbS were applied in photocatalytic degra-
dation (Zhang et al., 2019a; Rahna et al., 2016) and as electrodes in solar
cells (Rahna et al., 2016; Zhou et al., 2016a). To the best of our
knowledge, such nanocomposites has not been applied for photo-
electrocatalytic degradation of organic pollutants. Moreover, there has
not been no study about photoelectrocatalytic mechanism and correla-
tion of surface and electrochemical properties with photo-
electrochemical activity of PbS/TiO, nanocomposites.

Depositing narrow band gap semiconductors in the form of quantum
dots (QDs) on a TiO5 matrix gives the opportunity to obtained materials
with unique properties. Changing size and distribution of QDs on matrix
the properties such as light absorption, band gap and band edges of QD
are modified (Zhang et al., 2016). The most common method used for
sensitized TiO2 NTs by QD is the successive ionic layer adsorption and
reaction method (SILAR). Parameters of this process such as number of
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SILAR cycles, dipping time, type and concentration of precursor, allows
to control the distribution and size of deposited QDs (Xu et al., 2014;
Rahna et al., 2016). Furthermore, SILAR method gives possibility to
deposit nanostructures with high loading and low aggregation and is
inexpensive. Rahna et al. (2016) reported that photocatalytic activity
and stability of TiO, sensitized by PbS depends on number of SILAR
cycles. Zhang et al. (2016) showed influence of precursors Pb and S
concentration ratio in SILAR method on size and distribution of PbS QD
and photoelectrochemical properties. However, no correlation between
PbS nanoparticle size and photoactivity was determined.

In view of this, we have prepared a series of photoelectrodes based
on titanium dioxide nanotubes sensitized by PbS QDs with increased
visible light activity and applied for photoelectrocatalytic degradation
of selected anticancer drugs. Anodization was used for the preparation
of TiOy nanotubes followed by PbS quantum dots deposition via SILAR
method. The amount, size and distribution of PbS QD deposited on the
TiO45 matrix was controlled by the number of SILAR cycles which had an
impact on the properties and activity of photoelectrodes. Techniques
such as scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), X-ray diffraction patterns (XRD), X-ray photoelectron
spectroscopy (XPS), UV-Vis absorbance and photoelectrochemical ana-
lyses were used to characterize structure and morphology of the pre-
pared materials. Except, the effect of electrode material and type of
degraded drug, the effect of potential and pH solution on photo-
electrocatalysis efficiency was studied. In addition, the mechanism of
photoelectrocatalytic degradation of drugs and their degradation
pathway were examined, and variations in eco-toxicity against Lemna
minor during the process were determined.

2. Materials and methods
2.1. Chemicals and materials

The standards of anticancer drugs 5-FU (99%), IF (99%) and IMB
(98%) were purchased from Sigma Aldrich (Steinheim, Germany).
Analytical grade methanol, sodium sulfate, ascorbic acid, formic acid
(80%) and HPLC grade acetonitrile were obtained from POCH S.A.
(Gliwice, Poland). Titanium foils (0.127 mm thickness, 99.7% purity,)
were purchased from Sigma-Aldrich. Isopropanol, acetone, methanol,
were purchased from P.P.H. STANLAB, ethylene glycol (EG), Pb(NOs),,
NayS-9H,0 from CHEMPUR, and ammonium fluoride were analytical
grade and purchased from Across Organics.

2.2. Preparation of PbS-Ti/TiO, photoelectrodes

PbS-Ti/TiO, photoelectrodes were prepared via the electrochemical
anodization of titanium foil followed by PbS QDs deposition by a SILAR
technique. Titanium foils (2 x 5 cm) were cleaned in acetone, iso-
propanol, methanol and deionized water, for 10 min before use and then
dried in an air stream. Anodic oxidation was performed in a three-
electrode electrochemical set-up, where Ti foil was used as the work-
ing electrode, Pt mesh as the counter electrode and Ag/AgCl as the
reference electrode. An electrolyte was composed of EG, NH4F (0.09 M)
and H30 (2 vol%). The process was mentioned at 30 V using a pro-
grammable power supply (MCP M10-QS1005). The obtained samples
were flushed by deionized water, sonicated in water for 5 min, dried in
air (80 °C, 24 h) and calcined at 450 °C for 1 h.

The TiO; NT were immersed in a methanol solution containing lead
nitrate (0.02 M) for 1 min, and then the samples were rinsed with pure
methanol and dried. Second, the samples were immersed into a 0.02 M
NasS-9H,0 methanol solution for 1 min, rinsed with methanol, and
dried. This procedure was repeated 2,3,4 and 6 no. of times, and finally,
the samples were dried at 80 °C.


http://mostwiedzy.pl

A\ MOST

P. Mazierski et al.
2.3. Characterization of the PbS-Ti/TiO2 photoelectrodes

The field emission scanning electron microscope (SEM, JSM-7610F,
JEOL) were used to determined morphology of the obtained PbS-Ti/
TiO5 photoelectrodes and the high-resolution transmission electron
microscopy (TEM, Hitachi H-800) were applied to defined size and
distribution of PbS QDs in the PbS-Ti/TiO5 nanocomposites.

The UV-Vis absorbance spectra of the PbS-Ti/TiO5 photoelectrodes
were recorded at room temperature in a range of 300-800 nm, with a
scanning speed of 250 nm min~!, on a UV-Vis spectrophotometer (Shi-
madzu UV 2600).

X-ray diffraction (XRD) analysis was performed at room temperature
using a Bruker D2 Phaser diffractometer equipped with Cu K, radiation
source and a LynxEye-XE detector. The data were collected in a range 5
< 20 < 70 degrees with the scan speed 3 deg./min and a scan step
20 = 0.01 deg. The XRD patterns were analyzed by the LeBail method
using the HighScore package.

The XPS spectrometer (PHI 5000 VersaProbe, ULVAC-PHI, Chigasaki
Japan) was used to confirm the formation of PbS compound and for
examining the surface states of elements present on the surface of PbS-
Ti/TiO photoelectrodes. The high-resolution (HR) XPS spectra were
recorded using monochromatic Al-Ka radiation (hv = 1486.6 eV) with
the hemispherical analyzer at the pass energy of 23.5 eV and the energy
step size of 0.1 eV. Binding energy (BE) scale was referenced to the C 1s
peak with BE = 284.8 eV.

The photoelectrochemical properties of the PbS-Ti/TiOy photo-
electrodes were investigated using an AutoLab PGSTAT 204
potentiostat-galvanostat (Methrom Autolab) in a three-electrode system
where PbS-Ti/TiO4 photoelectrodes were used as the working electrode,
Ag/AgCl/3.0 M KCl and Pt mesh were used as the reference and counter
electrodes, respectively. Before use, the electrolyte composed of 0.5 M
NaySO4 aqueous solution was purged with argon for 1 h. The photo-
activity measurements were performed using a 150 W Xenon lamp
(Hamamatsu Photonics K.K., model E7536) equipped with a water IR
cut-off filter. The irradiation intensity was measured by an optical power
meter (Hamamatsu, C9536-01) and adjusted to 100 mW cm~2

2.4. Determination of «OH and Oy

The determination of hydroxyl radicals («OH) generated in PEC
using PbS-Ti/TiOy photoelectrodes were performed by a fluorescence
technique with terephthalic acid according to Mazierski et al. (2019).
For the experiment photoelectrocatalytic setup were used with 80 mL
aqueous solution of 50 mM terephthalic acid and 42 mM NaySOj4.

Superoxide radicals (O3) generated in PC and PEC with PbS-Ti/TiO4
photoelectrodes were measured by spectrophotometric technique with
nitroblue tetrazolium chloride (NBT, 0.025 mM) (Jia et al., 2015). NBT,
with an absorption maximum at 259 nm, reacts selectively with super-
oxide radicals resulting decreasing of NBT concentration analyzed by
detecting the absorption. Decreasing NBT concentration is proportional
to the amount of produced superoxide radicals. Measurements were
performed in PEC reactor with three electrode system with 80 mL of
aqueous solution of NBT (0.025 mM) and NaySO4 (42 mM) worked with
+1V /Ag = AgCl at 550 W m~? light intensity.

2.5. Photoelectrocatalytic activity

The photocatalytic degradation of anticancer drugs (5-FU, IF and
IMB) were performed in thermostatic single-compartment reactor with
magnetic stirring. For each process 80 mL of drug solution at 20 mg L™!
prepared in supporting electrolyte (NaySO4, 42 mM) were used. To
investigate the effect of pH, to IF solution (pH 6.0) sulfuric acid or so-
dium hydroxide were added to obtained pH 3 and 9. The reactor con-
tained system of three electrodes where one of PbS-Ti/TiOy
photoelectrodes, stainless steel (SS) and silver chlorine electrode (Ag/
AgCl, 0.3 M KCl) were applied as anode, cathode and references
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electrode, respectively and power supply (Ami TTi PL303, Huntington,
England) provide constant potential in range from + 0.5 to + 1.5 V
/AgIAgCl. A Suntest CPS+ solar simulator (Atlas Material Testing
Technology LLC) equipped with a xenon lamp with light intensity 550
W m 2 as the UV-Vis irradiation source was used. Additionally, in the
same reactor photocatalytic (without applied potential) and electro-
chemical (without irradiation) degradation of anticancer drug were
investigated.

The contribution of individual oxidants generated in photo-
electrocatalysis were examined by conducting a PEC degradation of
each anticancer drugs with scavengers. The methanol (10 mM), ascorbic
acid (1 mM), formic acid (10 mM) and mixtures of methanol (10 mM)
and formic acid (10 mM) were used as scavengers respectively ‘OH, O3,
h* and both "OH and h*.

2.6. Analytical methods and eco-toxicity

The concentration of 5-FU, IF and IMB during the processes was
determined by HPLC-UV analysis (Shimadzu) equipped with a Kinetex
XB-C-18 column (150 x 3 mm, 5 um) (Phenomenex). In the case of 5-FU
as a mobile phase acetonitrile and water in ratio 6:94 in isocratic pro-
gram was used, with the flow rate 0.2 mL min~! and injection volume
25 pL. In analytical method of IF, the same mobile phase as for 5-FU
were used in ratio 20:80 acetonitrile to water. The flow rate was 0.5
mL min~! and injection volume 50 pL. The IMB was analyzed using 1%
acetic acid water solution and acetonitrile (85:15) with flow rate 0.9 mL
min~! and 30 pL of injection of sample. The detection system was
operated at 266 nm for 5-FU, 200 nm for IF and 265 nm for IMB. The
detection limit of the HPLC-UV methods for 5-FU, IF and IMB were
0.017, 0.17 and 0.83 mg L™}, respectively.

The organic degradation products of drugs were identified based on
liquid chromatography coupled to mass spectrometer (LC-MS) analysis
(Agilent 1200 Series LC system, Agilent Technologies, Inc., Santa Clara,
USA, HCT Ultra ion trap MS, Brucker Daltonics, Bremen, Germany). The
LC and MS parameters were according to method used by Siedlecka et al.
(2018).

Total organic carbon (TOC) were determined by TOC analyzer
equipped with an autosampler (Shimadzu, Germany) and (ATOC)exp
(mg L) was the experimental difference between TOC before and after
PEC process. The TOC data were used for mineralization current effi-
ciency (MCE) calculation applying the equation (Eq. (1)) (Siedlecka
et al., 2018):

n F Vi

(ATOC),,,
432 107 100 W

MCE
m I t

[%] =

where n was the number of electrons consumed per one molecule of drug
assuming the total mineralization (nspy = 8, nip = 36, niyp = 124),
F was the Faraday constant (96,487 C mol’l), 4.32 x 107 was a factor to
homogenize units (3600 s h!x 12,000 mg mol’l), m was the number
of carbon atoms of 5-FU (mspy = 4), IF (mp = 7) and IMB
(mme = 29), Vs (dm3) was the treated solution volume, I (A) was
current and t (h) time of PEC process.

The amount of electrical energy (Ego, kWh m > order ) consumed
for PEC and PC degradation of drugs were estimate based on the power
of the lamp used for irradiation (Pramp (kW)) and the power electro-
chemical cell (P¢ep (kW)), according to Eq. (2) (Mazierski et al., 2019):

(Pump + PCell) 4
Vi log (%‘:)

where Cy and C; are initial and after treatment concentrations of drugs
respectively, Vs (m~>) was the volume of treated solution in time (t (h)).

The eco-toxicity of 5-FU, IF and IMB initial and treated by photo-
electrocatalysis solutions towards duckweed Lemna minor was investi-
gated according to our previously reported procedure (Mazierski et al.,

(2)

Epo =
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2019).
3. Results

To increase photoelectrocatalytic activity of Ti/TiOy, PbS QDs were
deposited using the SILAR method. Due to the fact, that the number of
SILAR cycles is the main parameter determining the size and amount of
deposited nanoparticles, photoelectrodes IIPbS-Ti/TiO5, IIIPbS-Ti/TiO2,
IVPbS-Ti/TiO, and VIPbS-Ti/TiO, were prepared using 2, 3, 4 and 6
cycles, respectively. The obtained photoelectrodes were varies in size
and amount of PbS nanoparticles, and thus in photoelectrocatalytic
activity.

3.1. Characteristics of PbS-Ti/TiO» photoelectrodes

3.1.1. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM)

The geometrical parameters of TiO, nanotubes was determined on
the basis of SEM images (Fig. 1), which was consistent with our previous
results (Mazierski et al., 2019) where average length, wall thickness and
diameter of nanotubes was 1.7 um, 65 nm and 7.5 nm, respectively. The
nanotube size was the same for all PbS-Ti/TiO5 and pristine Ti/TiOy
photoelectrodes, and the estimated developed surface area was 549 cm?.
The SEM images exhibited that the nanotubes were vertically oriented
and top-end-open. In addition, in the case of the IVPbS-Ti/TiO; elec-
trode prepared using 4 SILAR cycles, the formation of larger agglom-
erates of PbS nanoparticles on top of TiO, nanotubes was observed. With
the increase in the number of SILAR cycles this phenomenon intensified
and in the case of the VIPbS-Ti/TiO5 photoelectrode, number of ag-
glomerates of PbS nanoparticles covering nanotube surfaces increase.

Fig. 2 shows TEM images and size distribution of PbS nanoparticles
on the TiOy nanotubes surface. The sizes of PbS nanoparticle ranged
from < 2 to 12 nm, which classifies them as QDs. PbS QD were regularly
distributed over the whole surface of TiOy nanotubes, and their size
depended on the number of SILAR cycles. In the case of the IIPbS-Ti/
TiO, photoelectrode, mostly QDs with the size in the range of <2-4 nm
were observed. Increasing the number of SILAR cycles to 3 resulted in
the formation of QDs with size from < 2 to 8 nm, but among then the
largest fraction were QDs ranging in size from 2 to 4 nm. Photo-
electrodes IVPbS-Ti/TiOy and VIPbS-Ti/TiOy were characterized by a
similar size distribution of PbS QDs (Fig. 2). What is more, the formation
of agglomerates on the TiO3 nanotubes surface was observed for both

~ YHIPbS-Til/
- P 0y € -' B ek 2
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photoelectrodes, which could limit the growth of nanoparticles inside
the nanotubes. Therefore, the increase of PbS QDs size was not observed
when the number of SILAR cycles was increase from 4 to 6.

3.1.2. X-ray diffraction patterns (XRD)

Fig. 3 presents XRD patterns for all obtained samples (IIPbS-Ti/TiO,
IIIPbS-Ti/TiO5, IVPbS-Ti/TiO, and VIPbS-Ti/TiO,). The XRD data are
represented by open circles, and a profile fitting (Le Bail method) is
shown by a blue line. For the analysis two models were used: TiOz —
anatase (I41/amd) and Ti metal (P63/mmmc). The observed impurity
phases are Pb3Os and possibly PbSOg3 lead sulfate (IV) marked by * and *
respectively. The strongest XRD reflections for PbS are expected for 2
® =26 and 30 deg. As can be seen in a right panel of Fig. 3, small
anomalies marked by arrows are likely due to presence of PbS. The
anomalies are broad which is caused by small size of PbS QDs.

3.1.3. X-ray photoelectron spectra (XPS)

Fig. S1 shows Ti2p, O1s, Pb4f, S2p and Pb5d XPS spectra recorded on
pristine Ti/TiO, NTs and on PbS-Ti/TiO, nanocomposites prepared
using 2, 3, 4 and 6 SILAR cycles. The Ti 2p (a) and O 1s (b) spectra
identify well the TiO, NTs (Naumbkin et al., 2012), whereas the Pb4f (c),
S 2p (d) and Pb 5d (e) spectra confirm the final deposition of PbS
nanoparticles on the TiO, NTs. Elemental composition (in atomic %) in
the surface layer of all samples investigated is presented in Table S1. One
can see that the amount of Pb and S, originated from PbS deposited on
Ti/TiOg, increased with the increasing number of SILAR cycles. Exam-
ination of Pb4f and S2p HR spectra reveal the chemical character of Pb
and S surface species after increasing the number of SILAR cycles
(Fig. 4). Two states of Pb were identified in PbS-Ti/TiO, nanocomposites
through Pb4f spectra deconvolution, Pb 4f;/» peaks at 137.1-137.6 and
138.7-138.8 eV, which are assigned to PbS/PbOx and PbSOy species,
respectively (Hajjaji et al., 2020; Naumkin et al., 2012; Reiche et al.,
1999). Also the S 2p spectra exhibits two states represented by S 2ps/2
signals located at 160.8-161.2 eV and 168.1-168.6 eV, which are
characteristic for PbS and PbSO4 species, respectively (Hajjaji et al.,
2020; Naumkin et al., 2012; Reiche et al., 1999; Zhou et al., 2016b).
Inspection of XPS data presented in Table S2 clearly show that the PbSOx
species are a dominant fraction of Pb and S components on the surface of
IIPbS-Ti/TiO4, IIPbS-Ti/TiO2 and IVPbS-Ti/TiO, samples whereas the
PbS and PbO species are the main compounds on the surface of VIPb-
S-Ti/TiO2 nanocomposites. Both pristine Ti/TiO2 NTs and PbS-Ti/TiOy
samples seems to be partially oxidized in view of the exposure to the

| >
IPLSLTiTiO, ¢

.

o

A

VIPbS-Ti/TiO,

Fig. 1. SEM images of photoelectrodes Ti/TiO5 and PbS-Ti/TiOx.
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Fig. 2. TEM images (a) and PbS QDs size distribution (b) of photoelectrodes PbS-Ti/TiO,.

ambient atmospheric conditions (see O/Ti > 2 ratio for pristine
Ti/TiO4 in Table S1). However, assuming this effect is comparable for all
samples, we can observe the relative increase of oxygen species on
PbS-Ti/TiO2 samples processed using higher number of SILAR cycles
(compare the O/Ti ratios in Table S1).

3.1.4. UV-Vis absorbance

The optical properties of PbS-Ti/TiO2 and pristine Ti/TiO2 photo-
electrodes were estimate based on UV-Vis absorbance measurement. As
show in Fig. S2, all samples have a characteristic energy band structures
of TiO; in UV absorption region lower than 400 nm and the second re-
gion in the visible-light associated with trapped electrons at the Ti®*
center (Mazierski et al., 2019). Moreover, in the case PbS-Ti/TiO5
nanocomposites, a significant red shift absorption in the visible light was
observed what is associated with presence of PbS QDs on TiO5 (Rahna
et al., 2016). Additionally, increase of absorbance in the visible region
(400-800 nm) with increase number of SILAR cycle (from 2 to 6) was
caused by increased amount of PbS nanoparticle on TiOs.

3.1.5. Photoelectrochemical analyses

The photocurrent response generated by the PEC process at +1 V on
the Ti/TiO2 and PbS-Ti/TiOy electrodes was shown in Fig. 5. All pre-
pared electrodes showed good photo-response properties. Moreover, it

was observed that PbS-sensitized electrodes generated higher photo-
current than pristine Ti/TiO,. This indicates a greater number of pho-
togenerated electrons and their better separation from holes. The
highest value of photocurrent (j = 1.25 mA cm~2) was achieved for
IIIPbS-Ti/TiO, then IIPbS- Ti/TiOs (j = 1.1 mA cm™2), IVPbS- Ti/TiO
(j = 0.95 mA em™2), VIPbS — Ti/TiOy (j = 0.6 mA cm™2) and Ti/TiOy
(j = 0.4 mA cm™2). These results indicated that a large amount of PbS
ODs on the surface may disturb the flow of electrons as was in the case
with IVPbS-Ti/TiO, and VIPbS-Ti/TiO,. Such observations were also
presented by Guo et al. (2021).

3.1.6. Hydroxyl and superoxide radicals measurements

Hydroxyl radicals, h" and superoxide radicals are major oxidants
generated in PEC process (Garcia-Segura and Brillas, 2017). Hydroxyl
radicals are mainly generated by the oxidation of water or hydroxyl ions
by photogenerated holes (h™) on the semiconductor surface and as a
result of transformation of superoxide radicals which are generated by
the reduction of oxygen molecules by the e on the surface of semi-
conductor or cathode. As shown in Fig. 6a the amount of generated
hydroxyl radicals were depended on the photoanode material and the
greatest amount in the PEC process were generated on the IIIPb-
S-Ti/TiO2 photoelectrode. In the case of other PbS-Ti/TiO2 photo-
electrodes, the amount of hydroxyl radicals was slightly higher than that
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generated on pristine TiO».

In contrast to hydroxyl radicals, superoxide radicals were generated
in a larger amount on the Ti/TiO5 photoelectrode than on the PbS-Ti/
TiO4 (Fig. 6b). In the case of PbS-Ti/TiOy photoelectrodes, most of the
superoxide radicals were generated in the presence of IIIPbS-Ti/TiOq,
slightly less for II-PbS-Ti/TiOs. In contrast, the smallest amounts of O3
were generated in the PEC process for IVPbS-Ti/TiO2 and VIPbS-Ti/TiO2
photoelectrodes, with the large amount of PbS nanoparticles on the TiO,
surface. As presented by Xu et al. (2014) the thicker film of the PbS, the
longer time for transporting electrons to TiO; and then to the cathode.
As a result, PbS is becoming a barrier to charges transport. What’s more,
the amount of superoxide radicals generated in the photocatalytic and
photoelectrocatalytic processes was compared using the IIIPbS-Ti/TiOy
photoelectrode. As can be seen in Fig. 6¢, definitely more radicals are
generated in the PEC process, which indicates a reduction in the
recombination of photogenerated charges and production of O3 at the
cathode.

3.2. Photoelectrochemical activity of PbS-Ti/TiO2

Photoelectrocatalytic efficiency of prepared nanocomposites was
tested in the process of IF degradation at a concentration of 20 mg L™! at
a potential of + 1 V /Ag=AgCl and simulating sunlight at an intensity of
550 W m 2. As shown in Fig. 7a, the fastest degradation of IF occurred
with the IIIPbS-Ti/TiO, photoelectrode, slightly slower with the IIPbS-
Ti/TiOs. Also the highest degree of TOC reduction and thus the highest
mineralization current efficiency (MCE) was determined for the IIIPbS-
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Fig. 5. Photocurrent response at + 1 V/Ag=AgCl of Ti/TiO, and PbS-Ti/TiO,
photoelectrodes.

Ti/TiO2 photoelectrode (Table S3). Both photoelectrodes, IIPbS-Ti/TiO;
and IIIPbS-Ti/TiO2 showed greater PEC activity than pristine Ti/TiOx.
The increase in the PEC activity of these electrodes resulted from the
presence of PbS QDs whose sizes ranged from < 2 to 8 nm. However, for
IIPbS-Ti/TiO photoelectrode, QDs were in the vast majority from < 2 to
4 nm. On the other hand, when three SILAR cycles (IIIPbS-Ti/TiO2) were
used, the QDs were mainly from 2 to 4 nm while QDs from 4 to 8 nm
appeared. This photoelectrode also generated the largest amount of
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solution using IIIPbS-Ti/TiO, at + 1 V/AglAgCl and 550 W m 2 (d).

hydroxyl radicals and the highest photocurrent. In contrast, photo-
electrodes prepared for four and six SILAR cycles showed lower degra-
dation efficiency than pristine Ti/TiO. The reduction of PEC efficiency
in the case of IVPbS-Ti/TiOy and VIPbS-Ti/TiO5 photoelectrodes
compared to IIPbS-Ti/TiOy and IIIPbS-Ti/TiO2, despite the greater
amount of PbS, was associated with too much PbS nanoparticles and
their larger sizes on the Ti/TiO surface. This resulted in the formation of
agglomerates blocking the TiO5 surface and the flow of photogenerated
electrons. Such situation was observed with too many SILAR cycles,
which was also reported by Zhu et al. (2015) who investigated number
of SILAR cycle on CdS-TiO; nanocomposites properties. PEC IF degra-
dation in the case of PbS-Ti/TiOy and pristine Ti/TiO2 occurred ac-
cording to the pseudo first kinetic order. IF degradation rates constant
(Table S3) decreased in order IIIPbS-Ti/TiO4 > IIPbS-Ti/TiO5 > Ti/TiOo
> IVPbS-Ti/TiOy > VIPbS-Ti/TiO,. The slower PEC degradation, the
more electric energy (Ego) was consumed for the process.

In Fig. 7b the effect of applied potential on IF PEC degradation

efficiency was presented. The experiments were performed on IIIPbS-Ti/
TiOy at + 0.5 V/Ag=AgCl, + 1 V/Ag=AgCl and + 1.5 V/Ag=AgCl. As
can be seen, the most effective degradation was observed at + 1 V/
Ag=AgCl. For this process, the IF decomposition rate constant was
0.0148 min~! (Table S3) and was almost twice and 1.5 times higher
than k obtained for the process at + 1.5 V/Ag=AgCl and + 0.5V/
Ag=AgCl, respectively. In addition, at + 1 V/Ag=AgCl, more than two
times TOC was removed than at other potentials. It was correlated with
almost twice lower MCE for + 0.5 V/Ag=AgCl and almost three times
for + 1.5 V/Ag=AgCl and in higher electricity consumption. The se-
lection of the appropriate potential depends on the photoanode material
and is responsible for the separation of photogenerated charges on the
semiconductor and their transport towards the cathode. For the PbS-Ti/
TiO2 nanocomposite, the + 1 V/Ag=AgCl was the most advantageous as
for pristine Ti/TiOy (Mazierski et al., 2019). The + 0.5 V/Ag=AgCl
turned out to be too low to effectively separate photogenerated charges.
In turn, + 1.5 V/Ag=AgCl corresponds to the overpotential of oxygen
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release on PbS-Ti/TiO, and at this potential side reactions such as
electrochemical oxidation of water to oxygen can occur.

Photoelectrocatalytic process using IIIPbS-Ti/TiO, photoelectrode at
+ 1 V/Ag=AgCl was used to degrade three anticancer drugs, IF, 5-FU
and IMB, with different chemical properties and structure. To date,
drugs from this group have been removal in such AOPs as photocatalysis
(Ofiarska et al., 2016; Fiszka Borzyszkowska et al., 2016) or electro-
chemical oxidation (Siedlecka et al., 2018), and there was no photo-
electrocatalysis applied except our previous research where the pristine
Ti/TiO5 photoanode was used (Mazierski et al., 2019). As shown in
Fig. 7c and Table S3, all drugs decomposed with similar efficacy and
constant rate k as well as comparable Egp consumption. In turn, the
highest TOC removal obtained for IF, slightly lower for IMB and the
lowest for 5-FU. Additionality, the highest MEC was determined for IMB
reaching over 200%, for IF 140% and the lowest for 5-FU of 25.5%
(Table S3). In the case of IMB and IF, the MEC value over 100% was the
results of generation of photocurrent in the PEC which reduces electric
power consumption. The MEC can be over 100% for PEC process
because additional photocurrent is generated by the excitation of elec-
trons from the valence band (VB) to conducting band (CB) of the pho-
toanode by irradiation and excited electrons are transport to the
cathode. Moreover, the pollutants degradation occurs not only as a
result of electrochemical reactions.

In the Fig. 7d the effect of pH of treated IF solution (20 mg L) on
PEC degradation at + 1 V/Ag=AgCl was presented. As can be seen, PEC
degradation efficiency increased with decreasing pH of solution. At
acidic pH (pH 3), the highest efficiency of PEC degradation was
observed, complete removal of IF occurred after 2 h of the process. On
the other hand, at alkaline pH (pH 9), the degradation of IF significantly
slowed down and after 3 h of the process only less than 20% of IF was
removed. It is worth noting that the pH in the PEC does not affect the
surface charge of the photocatalyst (photoanode), which takes place in
PC (Garcia-Segura and Brillas, 2017). This is due to the fact that the
applied external potential in PEC causes the surface of photoanode
positively charged. Hence, more effective degradation at acidic pH is the
result of easier mass transport of charges between the solution and the
electrodes and higher oxidizing potential of hydroxyl radicals (Mazierski
et al., 2019). Moreover, at acidic pH, IF is partially protonated (Mio-
duszewska et al., 2017), which favors reaction with hydroxyl radicals
(Martins et al., 2017). In turn, at the alkaline pH, bicarbonate appear,
which are scavengers of radicals and thus the degradation efficiency
decrease and IF is in the negative charge form which is more difficult to
degrade.

The stability of the IIIPbS-Ti/TiO4 electrode was investigated in five
successive cycles (Fig. S3). As shown, the degradation efficiency in the
fifth process slightly decreased and was about 90%, which indicates the
high stability of the photoelectrode during 900 min of the process.
Moreover, concentration of Pb in the treated solution obtained by
Atomic Absorption Spectrometry confirmed the release of insignificant
amounts of Pb at the level of ug L1, Furthermore, after the stability test,
photoelectrode was re-characterized in terms of DRS UV-Vis, XRD and
CA (photocurrent response). Fig. S4 shows obtained results (Supporting
Materials). As can be seen when comparing the shape and intensity there
are no significant changes in optical, structural or photoelectrochemical
properties after stability test which indicates good stability of the ob-
tained photoelectrodes and the possibility of their further use in indus-
trial applications.

3.3. Photoelectrocatalytic mechanism

Photoelectrocatalysis is a process combining photocatalysis with
electrochemical oxidation, therefore photoanode material is active in
both processes. Nevertheless, the electrochemical oxidation of IF, 5-FU
and IMB carried out for IIIPbS-Ti/TiO, at +1 V did not show any drug
degeneration (Fig. S5). It is worth noting that these drugs do not degrade
under the direct photolysis (Mazierski et al., 2019; Ofiarska et al., 2016;
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Secrétan et al.,, 2019). In the process of photocatalysis using IIIPb-
S-Ti/TiOy (Fig. S5), the decomposition rate constant 5-FU
(k = 0.0022 min~!) was almost eight times lower than that obtained
in the PEC process (Table S3). A similar trend was also observed for IF
and IMB (Fig. S5) where the PEC decomposition rate was higher than PC
four and three times, respectively. In addition, only a few percent of TOC
removal was observed in the PC, where in the case of PEC it was over
44% for IF, 12.5% for 5-FU and 31% for IMB. Electricity consumption
(Ego) was even 10 times higher for PC compared to PEC in the case of
5-FU degradation (Table S3). The synergistic effect of photocatalysis and
electrochemical oxidation in PEC (Fig. 8) contributes to the reduction of
recombination of photogenerated charges (h*/e") by transporting elec-
trons towards the cathode. It causes, a electrons and holes have a longer
lifetime and a greater amount of oxidants can be generated (Mazierski
et al., 2019; Daghrir et al., 2012). In the case of photocatalysis using
PbS-Ti/TiOy, it is possible to create superoxide radicals by reducing
oxygen by photogenerated electrons in the TiO5 conduction band
(Zhang et al., 2019a). The photogenerated electrons on PbS conducting
band there are not directly involved in reducing O to superoxide rad-
icals. What is suggested by generated more superoxide radicals on
pristine Ti/TiO, than PbS-Ti/TiOy (Fig. 6b). An important part of the
mechanism of both PC and PEC is the generation of hydroxyl radicals
resulted from water molecules oxidation or OH" species oxidation by
photogenerated h' in the TiOs. In theory, hydroxyl radicals can also be
generated as a result of O3 transformation, however, these are rather
minor amounts. In addition, pollutions can be degraded by direct
oxidation on the photoelectrode surface with h' participation.

The contribution of individual form of oxidants generated in PEC
using PbS-Ti/TiO2 photoelectrode to anticancer drug degradation was
determined by reaction with scavengers and was shown in Fig. 9. In the
case of IF and 5-FU, degradation of PEC occurred under a similar
mechanism. Hydroxyl radicals generated from water or hydroxyl ion
oxidation by photogenerated holes had the largest role in the degrada-
tion of these drugs (Fig. 9a, b). This is indicated by the greatest inhibi-
tion of PEC degradation of IF and 5-FU by MeOH and FA and only
slightly weaker process blocking by the single use of scavengers of hy-
droxyl radicals and h™. The process was inhibited less in the presence of
AA than with other scavengers, which indicates a significantly lower
contribution of superoxide radicals in PEC drug degradation. It’s worth
pointing out that superoxide radicals were mainly generated on the
cathode in the reaction of oxygen reduction, which indicates a greater
amount of radicals generated in the PEC process than in PC (Fig. 6¢). On
the other hand, in the case of IMB, none of the scavengers (MeOH, AA
and FA) decrease efficiency of IMB PEC degradation significantly
(Fig. 9¢). Hydroxyl and superoxide radicals had a similar but minor
impact in the IMB decomposition. These results indicate to participation
of other oxidants which can be generated in PEC such as HyO, or HOO-
(Daghrir et al., 2012).

To summarize, the PEC mechanism using PbS-Ti/TiO5 is mainly
based on direct and indirect (production OH radicals) activity of pho-
togenerated h™ on valence band of TiO, and PbS. Superoxide radicals
formed as a result of the reduction of oxygen by e are less importance in
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Fig. 8. General mechanism of photoelectrocatalysis on PbS-TiOs.
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Fig. 9. Photoelectrocatalytic degradation using IIIPbS-Ti/TiO, at + 1 V/ AglAgCl and 550 W m 2 of IF (20 mg LhH (a), 5-FU (20 mg LY (b) and IMB (20 mg LhH
(c) with scavengers: methanol (MeOH), ascorbic acid (AA) and formic acid (FA).

this process. The main role in the PEC of photogenerated h* and the
hydroxyl radicals generated as a result of h™ activity was observed by
other authors (Liu et al., 2018; Yang et al., 2010) and in our previous
studies with the use of pristine Ti/TiOy (Mazierski et al., 2019). How-
ever, the presence of PbS nanoparticles on Ti/TiO, caused an increased
direct contribution of h™ in PEC than in the case of pristine Ti/TiO,,
which was also observed in the case of decoration of Ti/TiOy by CdS
nanoparticles (Pieczynska et al., 2021). On the other hand, the partici-
pation of individual oxidants in the degradation of pollutants depends
on the decomposed compound. In the case of IF and 5-FU, hydroxyl
radicals were mainly responsible for degradation, while in the case of

IMB another mechanism was dominated.

3.4. Degradation pathway and ecotoxicity

To determine the quality of the obtained solution after photo-
electrochemical degradation of anticancer drugs using PbS-Ti/TiOq
photoanode, organic and inorganic degradation products as well as
toxicity to duckweed Lemna minor were investigated. The proposed
degradation pathways for 5-FU, IF and IMB are shown in Fig. 10 and the
MS spectra of degradation products were presented in Figs. S6-S8. In the
case of 5-FU, two major organic degradation products were identified
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Fig. 10. Photoelectrocatalytic degradation pathway of 5-FU (a), IF (b) and IMB (c) based on identified intermediates by LC-MS.
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(Fig. 10a), one with [M+H]™ = 163 which was formed by hydroxyl-
ation and breaking of the uracil ring, and the other with [M-H]" =113
formed by defluorination. Such products have also been identified in the
case of PEC degradation of 5-FU using Ti/TiO, photoelectrode
(Mazierski et al., 2019). In a further process stage, the resulting products
also decompose into smaller organic compounds and finally minerali-
zation occurs. This is confirmed by the reduction of TOC and the release
inorganic ions such fluoride ions in the amount of 27% of the total
amount and 14% of nitrogen, mainly in the form of ammonium ions. IF
degradation products are shown in Fig. 10b. Compounds with
[M+H]" = 249 and [M-H]" = 177 were formed as a result of ketho-
nization of IF cyclic ring, also dechlorination and detachment of
aliphatic chains were observed according to Siedlecka et al. (2018).
Imino-ifosfamide ([M+H]" = 259) was also identified which could
have been formed by dehydrogenation as were reported by Cesen et al.
(2016). The product ([M+H]" = 279) resulting from ring break was
also observed. During the degradation 56% of chloride ions, 32% of
nitrogen in the form of nitrate (24%) and ammonium (8%) and 9% of
phosphorus in the form of phosphate ions which could be release from
IF, were formed. Photoelectrocatalytic degradation of IMB led to the
formation of four organic intermediates with [M+H]" = 411, 273,
256, 235 and release of 30% nitrogen in the form of ammonium (25%)
and nitrate (5%) ions (Fig. 10c). Identified degradation products confirm
a radical attack on benzyl positions as observed in IMB electrochemical
oxidation presented by Siedlecka et al. (2018). As a consequence, C-N
bonds broken and some rings detached. In the case of compound with

[M+H]' = 411 the piperazine ring was isolated. When the piperazine,
pyridine and pyrimidine rings were removed products with
[M+H]" = 273 and 256 were formed. Compound with
[M+H]* = 235 was generated by pyridine, pyrimidine and phenyl

rings detached. Further decomposition led to the formation of increas-
ingly smaller organic compounds such as single rings or short-chain
carboxylic acids, followed by mineralization.

Duckweed Lemna minor was selected for ecotoxicological studies,
which is representative of higher plants potentially exposed to the
presence of drug residues in the aquatic environment. In addition, it
shows the greatest sensitivity to the presence of these drugs (Biatk-Bie-
linska et al., 2017). It is worth notice that there are few studies on the
toxicity of solutions exposed to PEC and that L. minor was selected only
by us (Mazierski et al., 2019). As shown in Fig. 11, the IF and IMB so-
lution did not inhibit the growth of duckweed both before or after the
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Fig. 11. Normalized response of IF (50 mg LY, 5-FU (50 mg L™Y) and IMB
(50 mg L") during PEC degradation using IIIPbS-Ti/TiO, at + 1 V/ AglAgCl
and 550 W m 2 for the Lemna minor growth inhibition.
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photoelectrochemical degradation process. This demonstrates both the
lack of toxicity of the drugs and their degradation products. It is worth
highlighting the absence of toxicity of the PEC-treated IF solution,
because this drug treated by electrochemical oxidation showed increase
in growth inhibition of L.minor resulted by the generation of toxic
chloroorganic degradation products presented in previous studies
(Siedlecka et al., 2018). In the case of 5-FU, the initial solution showed
65% growth inhibition of L.minor. With the photoelectrocatalytic
degradation and decreasing drug concentration, a decrease in toxicity
was observed (Fig. 11). This indicates that the formed degradation
products are less toxic than the parent compound. A decrease in L.minor
growth inhibition in PEC degradation of 5-FU was also observed when a
Ti/TiO4 photoelectrode were used (Mazierski et al., 2019). In summary,
the obtained solutions after photoelectrochemical degradation of IF,
5-FU and IMB, despite incomplete mineralization, did not show toxicity
to a representative of higher plants, which leads to the claim that the use
of PbS-Ti/TiOy in PEC is a safe and promising method for drug
treatment.

4. Conclusion

Sensitization of TiOy photoelectrodes by PbS QDs increased the ef-
ficiency of PEC degradation of anticancer drugs and it depends on the
amount and size of PbS nanoparticles. The more SILAR cycles, the
greater amount and the larger size of PbS QDs on the TiO, surface, as
well the absorption of irradiation in the range of visible light also in-
creases. However, the highest efficiency of drug degradation was ach-
ieved with the use of the electrode padded at 3 SILAR cycles, which
mainly contained PbS QDs with dimensions from 2 nm to 4 nm. This
photoelectrode also showed the highest photocurrent generation. In the
case of more SILAR cycles (4 and 6) applying for electrode preparation,
agglomeration of PbS QDs on the Ti/TiO surface and a decrease in PEC
activity was observed. Improving the PEC efficiency of the PbS-Ti/TiO4
electrode in relation to pristine Ti/TiO; resulted from several aspects: (i)
enhanced the absorption of irradiation in the visible light range; (ii)
generating additional h™ in the VB of PbS involve in degradation of
pollutants and (iii) reducing recombination of e /h" pairs. It’s worth
pointing out, although the rates of PEC degradation of 5-FU, IF and IMB
were similar, the contribution of individual oxidants in the drugs
degradation were different, which may indicate a different mechanism
of PEC degradation depending on the chemical structure of the drug. In
the case of 5-FU, there was a decrease in toxicity to L. minor with
decreasing drug concentration, while in the case of IF and IMB, no
toxicity was observed throughout the PEC process.
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